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The behavior of unsaturated soils is different from the behavior of saturated soil deposits. 
Unsaturated soils have more than two phases; the pore water pressure in unsaturated soils is 
negative. The behavior of unsaturated soil when a dynamic loading such as an earthquake 
loading is imposed on them, the susceptibility of lab tested soils to liquefaction is investigated in 
this study. As the phenomenon of liquefaction occurs only in the case of saturated soil deposits, 
the behavior of unsaturated soil under these conditions is investigated. 
Sand and silty sand are used in this study, wetting and drying soil water characteristic 
curves are plotted from the data obtained using Buchner funnel setup, samples are tested at 
several drying cycles. It is observed that the drier the soil the more resistant it is to liquefaction, 
which is in agreement that saturated soil deposits are prone to liquefaction while unsaturated soil 
deposits may settle. Shear wave velocity parameter obtained from the bender element   test setup 
is used to assess the liquefaction potential of soil deposits. It is observed that with increase in 
water content shear wave velocity and stiffness decrease. Ground response analysis is performed 
using Edushake package, and several plots of ground motion, object motion, shear stress, shear 
strain etc.., are plotted by using the properties of the soil tested in the laboratory and simulating 
an input motion. Yerba earthquake is chosen for simulation in this study as it involved damage to 
unsaturated soils during the motion. It is found that considering the peak acceleration, velocity 
and displacement the combination of sand and silty sand has higher frequency when subjected to 
same input motion than the problem with sand deposits which is in agreement that when sand 




CHAPTER 1: INTRODUCTION 
1.1 Introduction 
The behavior of unsaturated soils when they are subjected to dynamic loading is investigated in 
this research. When an earthquake occurs liquefaction of saturated soil deposits is one of the 
main problems encountered. Liquefaction occurs in case of loose soil deposits below the ground 
water table, in which the strength and stiffness of the soil will be reduced. Unsaturated soils are 
not prone to liquefaction but they may settle or compress. 
     Vibrations are generated by manmade and natural disasters .The factors affecting the 
shaking due to an earthquake at a site are soil structure interaction, local soil conditions, path of 
the wave and location of the source. Soil acts like a dynamic oscillator and affects the ground 
motion of the structures constructed on top of it to a great extent. The soil structure interaction 
has two main parts which comprises of kinematic effect and inertial effect, in the former one the 
flexibility of the soil will influence the response of the soil structure system, and in the latter one 
the mass of the structure influences the response of the soil structure system.  
     Buckingham,(1907) measured the relationship between capillary potential and water 
content and expressed it as a continuous function using hanging water column, this relationship 
is considered as a milestone in the mechanics of unsaturated soils (Barbour,1998). Sharma and 
Mohamed, (2003) used this setup to investigate the migration of contaminants in unsaturated 
soils. Tests have been carried out in this study as per the procedure followed by Sharma and 
Mohamed, (2003).  
Andrus and Stokoe,(1996) found that soils with a shear-wave velocity of less than 200 m/s 






Figure 1.1: Soil Water Retention Curves for Six Different Soils (modified after Buckingham, 
1907) 
Yan-Guo et.al (2005) developed a correlation of liquefaction resistance with shear wave velocity 
using bender elements. As a part of this study Soil water characteristic curves are plotted; the 
extracted samples are further tested and shear wave velocity and small strain shear modulus are 
obtained using bender elements. 
In this study using the Buchner funnel setup the behavior of the soil at the drying and 
wetting cycles is analyzed, ground response analysis is studied by using the essential parameters 
of the soils obtained, from laboratory testing and inputting the data of some of the major 
earthquakes. Liquefaction potential of the soils is analyzed and parameters such as peak 
acceleration, peak velocity, peak displacement, bracketed duration etc., are obtained for two 
types of problems varying the ground water table level, materials and the results are compared. 
1.2 Objectives 




1. Investigate variation of the relationship between capillary potential and water content as a 
continuous function using the Buchner funnel setup. 
2. Influence of matric suction on the liquefaction potential of the soil along the drying and 
wetting cycles of soil water characteristic curves of the soil. 
3. Analyze the relationship between liquefaction potential and shear wave velocity. 
4. Analyze the ground response of laboratory tested soils prone to liquefaction when 
subjected to dynamic loading. 
1.3 Thesis Outline 
Chapter 2 of this research  gives introduction to the phenomenon of liquefaction , liquefaction 
and the flow of water in unsaturated soils, several methods for assessing the liquefaction 
potential of the soils , soil water characteristic curves and some of the important terms associated 
with the liquefaction potential such as shear wave velocity. 
Chapter 3 presents details about the experimental setup used, selection of the material, type of 
soils and their properties and overview of Edushake package used for analysis. 
Chapter 4 explains the results obtained, the variation of the degree of saturation of sand and silty 
sand with matric suction head is presented in detail at different cycles of wetting and drying, the 
variation of shear wave velocity at different cycles of the soil water characteristic curve, its 
variation with density and water content is presented. 
Chapter 5 gives a detailed view of the Edushake analysis performed with several plots of ground 
motion, shear stress , shear strain, response spectrum and depth  generated according to the input 
motion used and soil properties  obtained from laboratory testing given as an input. 
Chapter6 presents the conclusions, recommendations, and possibility of extension of this study 





CHAPTER 2: LITERATURE REVIEW 
2.1. Introduction to Liquefaction 
Liquefaction can be defined as a phenomenon in which soil deposits lose their material 
properties when a dynamic load is applied on them and tend to flow as a liquid. The phenomenon 
of pore pressure build-up followed by the loss of soil strength is known as liquefaction 
(Committee on Earthquake Engineering, 1985).  Liquefaction is a phenomenon where in a mass 
of a soil looses a  large percentage of its shearing resistance , when subjected to monotonic, 
cyclic or shock loading , and flows in a manner resembling a liquid until the shear stresses acting 
on the mass are as low as the reduced shearing resistance (Sladen et.al,1985). Moderate saturated  
soils below the water  table, cohesion less  soils  such as sands and gravels, uniformly graded 
soils- fluvial , alluvial deposits  are  the  soils that are prone to liquefaction previously, soils that 
are loosely deposited are  most susceptible to liquefaction. Deposits susceptible to liquefaction 
are relatively young. 
 
Figure 2.1: Ranges of Grain Size Distribution for Liquefaction Susceptible Soils by (Tsuchida, 
1970). 
The liquefaction potential of a soil can be analyzed using in-situ and laboratory tests. 
Parameters such as cyclic resistance ratio, shear wave velocity, can be obtained from these tests 




observed in low-lying areas near bodies of water such as rivers, lakes, bays, and oceans. But 
there are cases of unsaturated soils being prone to liquefaction when they are underlain or 
overlain by deposits of saturated soils. The liquefaction of unsaturated soils is affected not only 
by the volume compressibility of the soil structure but also by the degree of saturation and initial 
confining pressure (Motoki Kazama and Toshiyasu Unno). 
Earthquake induced liquefaction is a major contributor to infrastructure seismic risk. The 
shaking causes increased pore water pressure which reduces the effective stress, and therefore 
reduces the shear strength of the sand. If there is a dry soil crust or impermeable cap, the excess 
water will sometimes come to the surface through cracks in the confining layer, bringing 
liquefied sand with it, creating sand boils. Liquefaction causes irregular settlements in the area 
liquified, which can damage buildings and break underground utility lines where the differential 
settlements are large. Sand boils can erupt into buildings through utility openings, and may allow 
water to damage the structure or electrical systems. Soil liquefaction can also cause slope failure. 
Areas of land reclamation are often prone to liquefaction because many are reclaimed with 
hydraulic fill, and are often underlain by soft soils which can amplify earthquake shaking. 
Mitigating potential damage from liquefaction is part of the field of geotechnical engineering. 
The potential damage caused by liquefaction phenomena includes:  Loss of bearing 
capacity, excessive settlement, lateral spreading, flow failure, and ground oscillation. Earlier 
studies on the liquefaction phenomenon were on the sands. Fine grained soils such as the silts, 






2.2 Unsaturated Soil Mechanics 
An unsaturated soil has more than two phases and the pore water pressure is negative relative to 
the pore air pressure. Process of excavating, remolding and recompacting a soil also results in 
unsaturated soil. An unsaturated soil is commonly defined as having three phases mainly solids, 
water and air; in order to be precise there is also a fourth phase which is the air water interface 
(Fredlund and Morgenstern, 1977). 
2.2.1 Pore Water in Unsaturated Soils   
Sharma, (1998) explained that voids in an unsaturated soil can be either air filled or water filled. 
Based on the shape of the voids presence of air or water can be determined. When the drying 
process is carried out all the voids will be emptied of water and will be filled with air. 
2.2.2 Stress Components in Unsaturated Soils 
Terzaghi’s effective stress concept is applicable to saturated soils 
σ´= σ -uw                                                                                                                                                                  (2.1) 
Where σ´- effective stress,   σ− Total  stress  , u- pore water pressure 
Changes in water level below ground result in changes in effective stresses below the water 
table. Changes in water level above ground do not cause changes in effective stresses in the 
ground below. Even in the unsaturated state, Terzaghi’s effective stress equation is satisfied as 
long as the air exists in the form of bubbles that are isolated from the soil skeleton. When air 
exists as a continuous phase in the soil pores, pore water pressure water pressure uw will be 
replaced by ua. 
σ= σ net + ua                                                                                                                                (2.2) 





2.3 Liquefaction in Unsaturated Soils 
Unsaturated soils are considered to be safe against cyclic shear because of the high 
compressibility of the pore air.  Liquefaction is generally associated with saturated soils but there 
have been cases where even unsaturated soils are prone to liquefaction when they are underlain 
or overlain by seams of saturated soils. Yoshmi et.al,(1989) stated that when degree of saturation 
decreases to 90%, the cyclic shear strength is double that of fully saturated soil under ordinary 
testing conditions in case of fine clean sands. A complete liquefaction state for unsaturated soils 
is the condition in which both pore air and water pressure are at the same pressure as the initial 
mean total confining pressure. At a zero effective stress state   unsaturated soil specimens 
behaved similar to liquids in much the same way as saturated specimens. If we consider the 
volume change of pore air ΔVa between the initial and final full liquefaction states, and if the 
pore air is assumed to be an ideal gas, the following equation can be obtained. 
ua0Va0 = σ΄m0 (Va0 − ΔVa)                                                                                                                        (2.3) 
Vao-   Initial volume of pore air 
ΔVa-    Volume change of the soil particle structure required to cause complete liquefaction. 
2.4 Methods for Assessing the Liquefaction Potential of Soils  
Simplified methods of evaluating liquefaction potential under earthquake loading have been 
presented by Seed & Idriss,(1971), Ishihara,(1977), Iwasaki et.al,(1984), Seed et.al, (1983, 1984) 
& Robertson and Campanella,(1985). 
Seed et.al, (1983), the cyclic stress ratio developed in the soil due to earthquake shaking is 







𝑟𝑟d)                                                                                                               (2.4)    




is the total overburden pressure at the depth under consideration, σ0' is the effective overburden 
pressure at the depth under consideration, and rd is the stress reduction factor. rd can be 
approximated as:  
  rd =1.0-0.015z                                                                             
Where z is the depth in m.  
Seed, (1979) and Seed et.al, (1983) suggested that the cyclic stress ratio to cause initial 
liquefaction could be determined from a modified penetration resistance N1 = NCN, and the 
earthquake magnitude M. A modified correlation was proposed by Seed et.al, (1984) in which 
the stress ratio to cause liquefaction was related to a corrected modified value of N1, (N1)60. This 
value represents the SPT value corrected for overburden pressure and standardized to an energy 




 CN                                                                                                                (2.5)                    
Where N is the measured SPT value, ERm is the rod energy ratio, and CN is the overburden 
correction factor .The factor ERm/60 varies, depending on the procedures used in the SPT test; 
these will vary from country to country. 
The two sets of correlations are discussed in (Seed et.al, 1983, 1984). The earlier 
correlations with N suggest that the stress ratio to cause liquefaction is linearly related to N1 up 
to about N1 = 35 blow/300 mm, and is given approximately by N1/70 for magnitude 6 
earthquakes, N1/90 for magnitude 7.5 earthquakes, and N1/100 for magnitude 8.25 earthquakes. 
The later correlation with (N1)60 considers only magnitude 7.5 earthquakes. The following 
correction factors, to the stress ratio to cause liquefaction can be applied for other earthquake 
magnitudes M:  
M = 8.5, factor = 0.89 




M = 6.00, factor = 1.32 
M = 5.25, factor = 1.50 
An alternative estimate of the cyclic stress ratio to cause initial liquefaction may be 
obtained from the correlation with a modified cone resistance QC presented by Robertson & 
Campanella (1985). This correlation for M = 7.5 is illustrated in Robertson & Campanella 
(1985). QC is determined as follows:  
QC = qcCQ                                                                                                                                  (2.6) 
Where qc is the measured cone resistance, and CQ is the correction factor depending on effective 
vertical stress, and again shown in Robertson & Campanella (1985).  
Iwasaki et.al, (1984) have adopted a similar approach, but have extended the approach of 
Seed et.al, (1983) in two ways: (1) by using the results of many undrained cyclic shear test 
results on undisturbed samples to estimate the cyclic shear strength; and (2) by introducing the 
concept of a liquefaction potential index to estimate the likely severity of liquefaction at a given 




                                                                                                                                     (2.7) 
Where R is the in-situ cyclic undrained normalized shear strength of the soil, and Ss is the cyclic 
shear stress ratio due to the earthquake. Based on laboratory data, R is determined as follows:  
(a) For 0.04 mm ~ D50 ~ 0.6 mm 







                                                                                 (2.8)    
(b) For 0.6 mm ~ D50 ~ 1.5 mm 








Where N is the standard penetration test (SPT) resistance, σv' is the effective overburden pressure 
(in kgf cm-2), and D50 is the mean particle diameter (in mm).  
 The liquefaction potential index IL is then defined as  
𝐼𝐼𝐿𝐿 =    ∫ 𝐹𝐹𝐹𝐹(𝑧𝑧)𝑑𝑑𝑧𝑧200                                                                                                               (2.10) 
Where  
F = 1 - FL for FL <= 1.0 and F = 0 for FL > 1.0 
Based on onshore field observations, Iwasaki et.al, (1984) proposed the following 
simplified procedure for assessing the risk of liquefaction:  
IL = 0 very low risk  
0 < IL < 5 low risk 
5 < IL < 15 high risk 
15 < IL very high risk 
Iwasaki et.al, (1984) provide an example of liquefaction potential assessment using the 
above method. A uniform bed of sand 20 m thick is considered, with a mean grain size D50 of 
0.25 mm and an SPT profile found in Iwasaki et.al, (1984). The liquefaction potential index IL 
clearly depends critically on the maximum ground acceleration. For amax/g = 0.075, IL is only 
about 0.09, with a very small region near the surface where liquefaction may occur. However, 
for amax/g = 0.125, liquefaction may extend to a depth of about 9 m, and IL is about 16.8, 
indicating a very high risk of liquefaction.  
2.5 Soil Water Characteristic Curve 
The soil water characteristic curve, also referred to as the soil moisture retention curve , depicts 
the relationship between suction and volumetric water content , degree of saturation , gravimetric 
water content. Soil water characteristic curve for a soil is defined as the relationship between 




unsaturated soils have significant importance to analyze geotechnical engineering problems. 
SWCC is also useful in characterizing the shear strength and compressibility of soils. 
2.5.1Terminology 
Volumetric water content: It represents the fraction of the total volume of soil that is occupied by 
the water contained in the soil. 
𝛳𝛳 = 𝑉𝑉𝑤𝑤𝑎𝑎𝑤𝑤𝑤𝑤𝑟𝑟
𝑉𝑉𝑤𝑤𝑜𝑜𝑤𝑤𝑎𝑎𝑡𝑡
                                                                                                                                 (2.11) 
Gravimetric water content: Gravimetric water content is the weight of soil water per unit weight 
of dry soil 
𝑤𝑤 = 𝑀𝑀𝑤𝑤𝑎𝑎𝑤𝑤𝑤𝑤𝑟𝑟
𝑀𝑀𝑠𝑠𝑜𝑜𝑡𝑡𝑠𝑠𝑑𝑑𝑠𝑠
                                                                                                                                (2.12) 
Volumetric and gravimetric water content are related by the bulk density of the soil. To convert 
gravimetric to volumetric water content we need to use soil bulk density. 
ϴ=w×ρb                                                                                                                                    (2.13) 




Soil water characteristic curves shape depends on the type of soil being used, as clayey soil will 
hold more amount of water than sandy soil. The denser the soil, the more it can retain water in it. 
In this study for obtaining soil water characteristic curve of silty sands and sands Buchner funnel 
setup (Sharma and Mohammad, 2003) is used. According to (Leong and Rahardjo, 1997), the 
SWCC for different type of soils possesses, in general, a segmoidale shape. 





                                             Brooks and Corey (1964)                                          (2.14) 
Where θ= Normalized water content  






Ψb= Air entry value  
λ= Pore size distribution index. 
𝑡𝑡𝑙𝑙Ψ = 𝑎𝑎1 + 𝑏𝑏1𝑡𝑡𝑙𝑙θ                                  Williams et al. (1983)                                            (2.15) 
𝑎𝑎1 and𝑏𝑏1   are curve fitting parameters. 
𝜃𝜃 = 𝑤𝑤−(Ψ−𝑎𝑎2)/𝑏𝑏2                                     Mc Kee and Bumb (1984)                                     (2.16)  





                                      Mc Kee and Bumb (1984)                                      (2.17)   
 a3 and b3  Are curve fitting parameters 
Ψ = −𝑎𝑎4(θ− 𝑏𝑏4)(θ− 1)                      Roger and Hornberger (1978)                                 (2.18) 
a4 and b4  Are curve fitting parameters 
𝜃𝜃 = ( 1
1+(𝑝𝑝Ψ)𝑙𝑙
)𝑚𝑚                                       Van Genuchten (1980)                                            (2.19)  
P, n and m are three different soil parameters. 
θ = ( 1
1+𝑞𝑞Ψ𝑙𝑙
)                                            Gardner (1958)                                                        (2.20)    
Q= Curve fitting parameter related to the air entry value of the soil and n = a curve fitting 
parameter related to the slope at the inflection point on the soil water characteristic curve.   
SWCC can be used in the determination of the shear strength and permeability of the soil. 
Laboratory studies have shown that there is a relationship between the soil water characteristic curves for 
a particular soil, the properties of the unsaturated soil (Fredlund and Rahardjo, 1993). 
2.6 Drying and Wetting Curves 
High suction and void ratio changes play an important role in determining the shapes of wetting 




through wetting-drying curves. These curves are not identical, the wetting curve is usually drier 
than the drying curve over a range of suction, this phenomenon is known as hysteresis, and it 
consists of a closed loop with sharp ends. 
 
Figure 2.2: Matric Suction Head versus Degree of Saturation with 5 cycles of Wetting and 
Drying (Sharma and Mohamed, 2003) 
The causes for hysteresis are as follows: 
1) The geometric non uniformity of the individual pores resulting in the ink bottle effect. 
2) The contact angle effect due to which the contact angle and the radius of curvature are 
greater in value in advancing meniscus than in the case of receding meniscus. 
3) The trapped air in blind or dead end pores which will reduce the water content of newly 
wetted soil, when a true equilibrium is not achieved in such a case it will lead to an 
increase in the hysteresis effect. 
4) Swelling, aging, shrinking phenomenon of the soil  will result in differential changes in 
the soil structure. The release of the dissolved air can also result in differential effect on 




Hysteresis is important in the process where the wetting and drying occur simultaneously. 
Hysteresis   will also affect the dynamic and static properties of the soil.  
2.7 Shear Strength of Unsaturated/Saturated Soils 
Shear strength is the ability of a material to resist shear force. Mohr-coulomb criterion gives an 
expression for the maximum strength of saturated soils 
τ= c΄ + (𝜎𝜎 − 𝑢𝑢𝑤𝑤  )𝑤𝑤𝑎𝑎𝑙𝑙𝑡𝑡΄                                                                                                       (2.21) 
τ= Shear stress along failure plane 
c΄ = Effective Cohesion 
𝜎𝜎 =  Total Stress 
𝑡𝑡΄ = Effective Friction Angle. 
Fredlund et.al, (1978) formulated the following equation for the shear strength of unsaturated 
soils 
τ= c΄ + (𝜎𝜎 − 𝑢𝑢𝑎𝑎  )𝑤𝑤𝑎𝑎𝑙𝑙𝑡𝑡΄ + (𝑢𝑢𝑎𝑎 − 𝑢𝑢𝑤𝑤)𝑤𝑤𝑎𝑎𝑙𝑙𝑡𝑡𝑏𝑏                                                                       (2.22) 
𝑢𝑢𝑎𝑎 − 𝑢𝑢𝑤𝑤 = Matric Suction. 
𝑡𝑡΄= Friction angle due to net normal stress. 
𝑡𝑡𝑏𝑏= Angle linking the rate of change of shear strength with matric suction. 
𝜎𝜎 − 𝑢𝑢𝑎𝑎 = Net normal Stress. 
Vanapalli et.al, (1996) proposed that the shear strength of an unsaturated soil at any given value 
of suction can be written as follows 
 τ= [c΄ + (𝜎𝜎𝑙𝑙 − 𝑢𝑢𝑎𝑎  )𝑤𝑤𝑎𝑎𝑙𝑙𝑡𝑡΄] + (𝑢𝑢𝑎𝑎 − 𝑢𝑢𝑤𝑤)[(𝛳𝛳𝑘𝑘) 𝑤𝑤𝑎𝑎𝑙𝑙𝑡𝑡΄]                                                      (2.23)    
 ϴ= Normalized volumetric water content. 
(𝜎𝜎𝑙𝑙 − 𝑢𝑢𝑎𝑎  ) =   Net normal stress on the plain of failure at failure. 
Gan et.al, (1988) performed some experimental studies over a large range of suction values and 




Bishop, (1959) has proposed the shear strength equation for unsaturated soils by extending 
Terzaghi’s principle of effective stress for saturated soils.  
τ=c΄ + (𝜎𝜎𝑙𝑙 − 𝑢𝑢𝑎𝑎  )𝑤𝑤𝑎𝑎𝑙𝑙𝑡𝑡΄ + (𝑢𝑢𝑎𝑎𝑎𝑎 − 𝑢𝑢𝑤𝑤𝑤𝑤)[(𝜘𝜘 ) 𝑤𝑤𝑎𝑎𝑙𝑙𝑡𝑡΄ ]                                                      (2.24) 
𝜘𝜘 =    A parameter dependent on the degree of saturation. 
The value of  𝜘𝜘  was assumed to vary from 1.0 to 0. 
2.7.1 Laboratory Tests of Shear Strength  
Shear strength of soils can be estimated in the laboratory, tests being widely used are Tri axial 
test and Direct Shear test. 
In the direct shear test a soil specimen will be placed in the shear box, initially applying a 
normal load. The shear box contains two parts, once the normal load is applied and the shearing 
is started the upper box will move relative to the lower box and this process will shear the soil 
specimen along the plane of the movement of the box. 
Tri axial test has been designed to overcome some major problems of the direct shear test. 
It is used to measure the shear strength of sands under controlled drainage conditions. The soil is 
prepared in a cylindrical shape and is enclosed in a rubber membrane and is then subjected to 
confining pressure and is axially loaded to failure. There are three types of triaxial tests: 
unconsolidated undrained (UU) test, consolidated drained (CD) test, and consolidated undrained 
test (CU). 
2.8 Coefficient of Permeability 
Soil permeability is the property of soil to transmit water and air .There are many direct and 
indirect techniques to determine the coefficient of permeability. Direct measurements of 
permeability can be performed in the lab using two tests: Constant head permeability test and 
falling head permeability test. Indirect measurements can be performed in situ and these methods 




Coefficient of permeability K is formulated in Darcy’s law as 
Q=K.i.A                                                                                                                                   (2.25) 
       A= Gross cross sectional area                       
       K= Coefficient of permeability 
i= Hydraulic gradient 
Q= Flow in unit time. 
The coefficient of permeability is used to compute the quantity of flow for all types of flow 
problems in soil where laminar flow conditions exist. 
2.9 Validity of Darcy’s Law in Unsaturated Soils 
The flow of water in an unsaturated soil is given using the Darcy’s law. Darcy (1856), proposed 




                                                                                                                        (2.26) 
𝑉𝑉𝑤𝑤 −Flow rate of water. 
𝐾𝐾𝑤𝑤 −Coefficient of permeability with respect to the water phase. 
𝜕𝜕ℎ𝑤𝑤
𝜕𝜕𝜕𝜕
-   Hydraulic gradient in the y direction which can be designated as iwy 
The negative sign in the equation indicates that the water flows in the direction of a 
decreasing hydraulic head. Darcy’s law is applicable to the flow of water through an unsaturated 
soil (Buckingham, 1907; Richard 1931; Childs and Collis-George, 1950), however the 
coefficient of permeability is not constant in case of the unsaturated soils, when analyzing the 
problems with the transient flow. It is variable and is a function of the water content or the matric 
suction of the unsaturated soil. The validity of Darcy’s law at the low water contents is 




reasonably assumed. Only when the unsaturated flow obeys the Darcy’s law the diffusion 
equation is valid. 
Richards, (1931) argued that flow of water in unsaturated soils is similar to that in the case 
of the saturated soil except the presence of fewer conducting pores. He also concluded that the 
wetting and drying of the soils provides a component of flow. 
In case of the inert porous material that does not swell or shrink: 
𝐴𝐴 = 𝜋𝜋𝑟𝑟2 = −𝑑𝑑𝑠𝑠𝑣𝑣 𝑣𝑣                                                                                                                  (2.27) 
𝛳𝛳- Volumetric moisture content 
V as per Darcy’s law is given by the following equation 
𝜕𝜕𝛳𝛳
𝜕𝜕𝑤𝑤
= 𝑑𝑑𝑠𝑠𝑣𝑣 (𝑘𝑘𝑔𝑔𝑟𝑟𝑎𝑎𝑑𝑑 ℎ) = 𝑑𝑑𝑠𝑠𝑣𝑣 (𝑘𝑘 𝑔𝑔𝑟𝑟𝑎𝑎𝑑𝑑 𝑝𝑝) + 𝜕𝜕𝑘𝑘
𝜕𝜕𝑧𝑧
                                                                         (2.28) 
K is the hydraulic gradient of the unsaturated soils. 
The differential form of equation of motion in unsaturated soils as per Richards ,(1931) is 
𝑄𝑄 = −𝐾𝐾(𝜓𝜓)ℎ𝐴𝐴                                                                                                                         (2.29)          
In the unsaturated state 𝜓𝜓 is negative and it is continuous between the unsaturated and 
saturated zones. The forces and physical process governing the unsaturated flow are different: 
elastic-mechanical forces when compared to the surface tension and capillary forces, however 
the pressure of water varies smoothly and continuously between the two states 
2.10 Suction 
Soil suction is commonly referred to as the free energy state of soil and water (Edlefsen and 
Anderson, 1943). 
The thermodynamic relationship between soil suction and the partial pressure of pore water 









Where Ψ= Soil suction or total suction 
R= Universal gas constant. 
T= Absolute temperature. 
Vw0=Specific volume of the water or the inverse of the density of water. 
Ρw=Density of water. 
Wv =Molecular mass of water vapor. 
Uv =Partial pressure of pore water vapor. 
Uvo= Saturation pressure of water vapor over a flat surface of pure water at the same 
temperature. 
Soil suction has two components: matric suction and osmotic suction. 
Ψ= (ua-uw) +π 
(ua-uw)= pore air pressure-pore water pressure 
π = Osmotic suction. 
2.11 Liquefaction Resistance and Shear Wave Velocity 
Several methods for evaluating the liquefaction potential from the shear wave velocity have been 
developed. Shear wave velocity can be measured in the field (Andrus and stoke, 1997) and in the 
laboratory (Dorby et.al., 1982; Hynes, 1988) by using various seismic wave methods such as 
surface retention method, down hole method and cross hole method. In most of the procedures 
Vs is corrected and then correlated with the cyclic stress ratio and cyclic resistance ratio. The 
accuracy of these methods depends on soil conditions and procedural details.  
Shear wave velocity is a basic mechanical property of the soil materials which is related to 
the small strain shear modulus Gmax. 




Bender elements can be used in the lab in order to measure the shear wave velocity and it 
is considered as a sound and reliable test. Bender elements have been applied as versatile 
transducers to measure Gmax of wet and dry soils in various laboratory apparatuses.  The test 
results from this are easy to interpret when compared to the CPT and SPT tests as there is no 
scaling effect on the testing devices. Bender element consists of two peizo ceramic plates which 
are separated by a layer of high compliance material (Shirley, 1978). Application of a voltage to 
this type causes it to bend and then it is used in a suitable configuration to generate shear waves 
in a soil specimen.  
 
Figure 2.3: Bender Element Test Setup (Leong E.C, 2006) 
The travel time between end points in a soil specimen can be used to calculate shear wave 
velocity. The approach for finding out the time seems to be simple but involves a lot of precision 
in calibrating it. If isotropic conditions are assumed small strain shear modulus (Gmax) is a 
function of the shear wave velocity (Shirley and Hampton, 1978). The results from bender 
elements might involve some uncertainties due to inaccuracies in wave travel time due to 




concerned with the absorbing nature of the soil (Blewett et.al, 2000). Electrical effects can be 
assessed to a certain extent by placing the bender elements in direct contact with each other and 
there by measuring the response time (Brignoli et.al, 1996).There are two techniques in order to 
measure the travel time they are: Time of flight and phase sensitive techniques. Time of flight 
measures the group velocity by measuring the travel time of a single square or sinusoidal shear 
pulse using either simple visual interpretation or cross correlation (Mancuso et.al, 1989). Phase 
sensitive techniques are used in the phase lag of a continuous sinusoidal input over a range of 
frequencies (Blewett et.al, 1999). 
 
Figure 2.4: Response of a Receiver Bender Element Placed in Contact with a Transmitter 
Bender Element (Leong E.C, 2006) 
Shear wave velocity serves as a supplementary means of liquefaction assessment. Due to 
some limitations in the field, laboratory studies   broaden the applicability of liquefaction criteria 






Terms associated with liquefaction and shear wave: 
2.11.1 Cyclic Stress Ratio 








) γd                                                                                                   (2.32) 
Where 𝜏𝜏𝑎𝑎𝑣𝑣 =Average equivalent uniform shear stress generated by the earth quake. 
𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚 = Peak horizontal ground surface acceleration 
𝜎𝜎′𝑣𝑣 = Initial effective vertical stress at the depth to be estimated. 
𝜎𝜎𝑣𝑣 =Total overburden stress at the same depth. 
g= Acceleration due to gravity 
0.65= Shear stress reduction coefficient to adjust for flexibility of soil profile. 
Seed and Idriss, (1971) presented the revised average values of  γd  for various earth quake 
magnitude and they are defined by: 
ln�γd� = α(z) + β(z)Mw                                                                                                                       (2.33) 
Where  
α(z)= -1.012-1.126 sin ( 𝑧𝑧
11.7
+ 5.133)                                                                                      (2.34) 
β(z)= 0.106+0.118 sin ( 𝑧𝑧
11.3
+ 5.142)                                                                                       (2.35) 




) 0.25                                                                                                                     (2.36) 
𝑃𝑃𝑎𝑎 =Reference stress, 100kpa or approximately atmospheric pressure.  




2.11.2 Cyclic Shear Strain 
Liquefaction is associated with the change in volume, and the decrease in volume is closely 
related to cyclic shear strain (Silver and Seed, 1971); Cyclic strain controlled test results are less 
affected by density and confining stress. Cyclic strain is more closely related to the pore pressure 
build up. 
Dobry et. al,(1982) proposed that the average cyclic shear strain caused by an earth quake can be 
estimated from: 





                                                                                                       (2.37) 








Vs2                                                                                                            (2.38) 
2.12 Shake Table 
Shake table is used to test the resistance of the structures and the soil beneath them to shaking by 
simulating earthquake loading. They are used widely in seismic research. Modern shake tables 
consist of a platform that is driven in up to six degrees of freedom. The test specimens are placed 
/fixed on the surface and are shaken to the point of failure. Ground motions in real earthquakes 
are three dimensional which will result in changes in the magnitude of shaking and the direction 
of shaking. Several important parameters such as the acceleration, suction, moisture content, 
excess pore water pressure and settlement of the soil which effect the liquefaction potential can 
be evaluated by generating earthquake conditions. Liquefaction during strong ground shaking 
results in almost a complete loss of stiffness and strength of the liquified soil and consequent 
large ground deformation. 
Actual ground motions are composed of both horizontal and vertical components. Most of 




system and ignore the effect of site response to vertical earthquake motion. In several recent 
earthquakes strong vertical motions have been recorded. The amplification of horizontal motion 
relates mainly to vertically propagating shear waves and that of vertical motion is related to 
vertically travelling compressional waves. 
Shear waves: They are termed as s-waves they move as shear or transverse waves and the 
motion will be perpendicular to the direction of the propagation of the wave. These waves are 
second direct arrival on the earthquake seismogram. 
Compressional waves:  These waves have vibration along or parallel to their direction of 
travel. These are also termed as seismic p-waves. They travel twice as faster than s-waves, when 
generated by an earthquake they are less destructive than the s-waves, due to their high amount 
of amplitudes. 
Early study on the effect of multi directional loading on deformation of the cohesion less 
soil was carried out by Pyke et.al, (1975). Ishihara and Yamazaki, (1980) performed biaxial 
undrained shear tests on saturated sand specimens by a biaxial simple shear device. Towhata 
et.al,(1996) investigated liquefaction induced lateral spreads using shake table. Koga and Matsuo 
carried out shaking table tests on reduced scale embankments founded on saturated sandy 
ground; they investigated the cyclic stress strain behaviors of soils by using the pore pressure and 
acceleration records. Florin and Ivanov, (1961), Finn (1972), Gupta, (1977) performed several 
vibratory table studies to analyze the liquefaction potential. Seed, (1987) found that the soil 
layers sandwiched between layers of sand play a key role in the flow failure and he found that 
the steady state strength of uniform sands leads to significantly higher values of residual strength 
than those estimated in the field. Liquefaction induced lateral flow in gentle slopes has been 
studied by (Kokusho 1999, 2000, 2003, Kokusho and Kojima, 2002; Kokusho and Fujita, 2002). 




increase the liquefaction strength of a sand specimen. Yoshimi et.al, (1989) has shown that the 
resistance to liquefaction was about two times that of fully saturated soil samples when the 
degree of saturation has been reduced to around 90%.Troncoso,(1990) found that the liquefaction 
resistance decreases with increasing non plastic fines content (up to 30%). Koester found that as 
the fines content increases liquefaction resistance initially decreases where as this trend will be 
reversed with further increase in the fines content. 
If fines are added to sands, their resistance to liquefaction decreases if the soils are tested at 
the same void ratio. Kishida (1969) reported liquefaction of soils with up to 70 % fines and clay 
fraction of 10% during Mino-Owar, Tohankai and Fukui earthquakes. The liquefaction 
susceptibility of a soil with fines should be expected to depend not only on the amount of fine 
but also on the nature of the fines (Ishihara, 1993). Lee and Fitton, (1968) tested sands and silts 
with up to 95 % fines and confirmed the susceptibility of fine grained soils to liquefaction. 
 









CHAPTER 3: EXPERIMENTAL SETUP AND MATERIALS USED 
3.1 Introduction: 
Two types of soils are used for this research: silty sand and sand, which fall in the range of soils 
prone to liquefaction. The sand used is ASTM20/30 while the silty sand is normally available in 
the field in Louisiana. 
3.2 Material Properties and Details: 
Table 3.1 Material Properties of ASTM 20/30 Sand 
Color White 
Grain shape round 
Hardness 7 
Mineral Quartz 
Specific gravity 2.65 
pH 7 
 
Criteria for the selection is that rounded sand is  prone to liquefaction more  than  angular sand, 
and in order to have a better control over the testing process the sand  with its material properties 
predetermined has been selected. 
3.2.1 Particle Size Distribution of ASTM 20/30 Sand 
The particle size distribution of the sand is done by U.S.Silica according to U.S.A.Sieve analysis, 
and laboratory tests of sieve analysis is done according to ASTM D 422, The results are 
summarized below: 
Sieve analysis is performed in the lab on sand in order to plot the particle size distribution 




shaker for about ten minutes, and based on the percentage of soil retained on each sieve the 
graph has been plotted. 
 
Figure 3.1: Particle Size Distribution of ASTM 20/30 
It can be observed from the graph that around 97% of the particles are retained on the sieve 
number 30 with most of the sand is passing through the number 20 sieve, which indicates that the 
maximum amount of particles are in between sieve numbers 20 and 30, as per the specifications 
of the sand indicated in data sheet of U.S.Silica company. The specifications of the sand being 
used conform to ASTM C778. The uniformity coefficient cu is around1.125, and coefficient of 
curvature cc is 1.003.  
3.2.2 Shear Box Test 
Cohesion less soil when unconfined has little or no strength in the air dried state and when they 
are submerged they have little or no cohesion. Their strength is mainly governed by effective 
stresses and inter particle forces are of little significance. In the shear box test shear strength is 
plotted against shear strain. Loose sand shows a relatively slower rate of increase in the stress 
with the strain. In dense sands the stress reaches a peak value at relatively low strains and then it 























the residual strain. Shear strength   in case of dense sands is the peak stress and in case of the 
loose sands shear strength is taken as the ultimate stress or the stress value at an arbitrarily 
chosen strain. The shear strength of a soil is its resistance to shearing stresses; it depends mainly 
on the interaction between the particles. Soil derives its shear strength from cohesion and 
frictional resistance. The two main parameters which will be obtained from the shear box test are 
cohesion and angle of internal friction. 
A Digishear apparatus is used to perform the shear box test in which the soil is placed in a 
shear box with upper and lower portions attached; the dimensions of the hole in which the soil is 
poured are 2.5 inches in diameter and 1 inch in height. Then the soil is sheared along a 
predetermined surface, by moving the top half of the box relative to the bottom half of the box, 
the test is performed at loads of 100, 500, 1000 and 1500 respectively. The stress, strains are 
computed as per the readings recorded by the digishear system in the computer. The shear stress 
is plotted versus normal stress and the cohesion was found to be 0 and the angle of internal 
friction is found to be 38 degrees, which falls in the range of 34-38 for round dense sands. 
 




















3.2.3 Permeability Test 
The coefficient of permeability can be determined in the lab using two tests: Constant head 
permeability test and falling head permeability test. Constant head test is used in the study to find 
out the permeability, this test is usually performed on sands as the pore openings are large and 
hence a high permeability, it is useful in estimating the settlements and in slope stability analysis. 
Sand is poured in the constant head permeameter in small layers and the setup is fixed properly 
and water is allowed to flow through the outlet by applying vacuum until there is a free outflow 
of water without air bubbles. The top opening is closed with an airtight stopper. The drop in the 
level of water is recorded at regular intervals of time and the average permeability is computed. 
The permeability is obtained as 0.0385cm/sec which falls in the range of 10-3 to 10-5 for sands. 
3.3 Material Properties and Details of Silty Sand 
The silty sand sample used is the one which is locally available and falls in the range of soils 
prone to liquefaction. A soil is classified as silty sand if it passes the no.4 sieve, and the material 
which is retained on the pan i.e. which passes through the no.200 sieve, also has some amount of 
clay. 
3.3.1 Particle Size Distribution 
The distribution is done using sieve analysis and hydrometer analysis according to ASTM D 422 
and ASTMD 2487-06, for the soil passing through No.200 sieve hydrometer analysis is used and 
for soils retained on the sieve No.200 sieve analysis is used and the results are combined to give 
the total curve. There is an overlap in the graph as the percentage finer calculated from sieve 
analysis for a given grain size does not match the one calculated from hydrometer analysis. The 






Figure 3.3: Particle Size Distribution Curve of Silty Sand. 
 
3.3.2 Specific Gravity  
It can be defined as the ratio of the weight of soil to the weight of an equal volume of water, 
denoted by Gs it was found to be 2.65 and is done as per ASTM D854. 
3.3.3 Compaction 
Compaction test is performed using standard proctor hammer, in order to find the optimum 
moisture content, as per ASTM D698. The optimum moisture content is found to be 12% at 




























Figure 3.4: Standard Proctor Compaction Curve. 
3.3.4 Consolidation  
The consolidation test is done in the lab using the Digi shear apparatus, the sample is extracted 
out by performing compaction test, and is extracted out in a ring with dimensions of 2.5inch in 
diameter and 1inch in height, and the sample is subjected to consolidation. The pre consolidation 
pressure is obtained from the graph and is found to be 1.4ton per square foot. 
 












































3.4 Soil Water Characteristic Curve 
It is the relationship between the amount of water in the soil and the soil suction, where the 
amount of water can be gravimetric or volumetric water content and the soil suction can be 
termed as matric suction under low suction and under high suction it can be termed as total 
suction. Water content and stress state are more important in affecting the soil water 
characteristic curve than the other parameters (Jian et.al).Considering the soils depositional 
history, it normally experiences a certain amount of stress which is recognized to have some 
influence on SWCC (Fredlund and Rahardjo, 1993) .There are several methods present to predict 
the SWCC but none of the methods take stress history into account. In cases where the hydraulic 
hysteresis is dominant it is particularly important to use the SWCC. The shape of the SWCC 
reflects the influence of the stress history on the soil. The shape of the soil water characteristic 
curve is a response to the pore size distribution of the material. 
For suctions till 30KPa, pressure plate method with the hanging column is used. For suctions in 
the range of 30 to 1500KPa filter paper methods and pressure plate can be used. 
In this study the soil water characteristic curve of sand and silty sand is determined using the 
Buchner funnel setup, which is also called the hanging column setup. 
3.4.1 Selection of the Material 
Sand: 
• The grain size distribution of the soil selected  has to be uniform 
• The soil should be isotropic and homogenous. 
• Round sand is selected so that the liquefaction properties can be better assessed when 
compared to an angular sand as round sands are more prone to liquefaction 




• The ASTM sand with its predefined properties gives more control over the testing 
process.  
• Permeability of the soil being considered, as it is one of the important parameters 
affecting the liquefaction potential of the soil. 
Silty Sand: 
• The soil has to be isotropic and homogeneous 
• The soil is locally available  
• The soil lies in the range of soils most prone to liquefaction 
• Permeability of the soil. 
• Sands deposited with silt content are more prone to liquefaction than clean sands. 
• Presence of fines content as static liquefaction increases with increase in the fines 
content. 
• Stability of the sample based on the initial confining pressure.  
• Reverse behavior of silty sands as liquefaction is more prevalent at low pressures. 
3.4.2 Sample Preparation  
Results of quantifying the amount of hysteresis in multiphase systems showed that the 
relationship between degree of saturation and matric suction depends on the initial degree of 
saturation of water (Lenhard and Parker, 1987). Which makes it important to start the initial 
phase of the experiment which is the drying path under fully saturated conditions. 
Dry sand is poured into the water filled Buchner funnel by placing a funnel in a  fixed 
height and distributing the sand uniformly throughout the space available, it is made sure that 
while pouring the sand into the funnel the water level is always above the sand level so that 
saturated condition is maintained .Since dry sand is being poured into water filled funnel  there 




is also made sure that there will be a homogeneous packing by keeping the water level always 
above a fixed height  while the sand is being filled.  
This method is selected based on the space constraint too, in the laboratory as the sample is 
located at a higher elevation this method of sample preparation was efficient and consistent.  
3.4.3 Buchner Funnel Setup  
The setup used to measure the matric suction head and degree of saturation is shown in the figure 
below: 
• Buchner funnel used is a ceramic funnel with 12.5cms in diameter and made of 
porcelain, in which the cylindrical cup and the conical portion cannot be separated.  
• Rubber flexible Tygon tubing is used with clear walls so that the water flow can be 
observed through the pipes.  
• A burette is used with a glass valve soldered to it onto the top which has the free outflow 
level of water; it consists of a small knob through which the water will flow out through 
a valve when it’s open.  
• A measuring cylinder is used to collect the water which will flow out from the burette at 
regular intervals of time.  
• A filter paper is used in the funnel so that the particles of soil won’t escape through the 
holes of the funnel.  
• A wooden plank is used into which the funnel is seated at the desired elevation.  
• The interfaces of the tygon tubing with the funnel and the burette are made water tight so 






Figure 3.6: Buchner Funnel Setup 
3.4.4 Procedure 
The matric suction head and the degree of saturation are calculated from the setup by the 
following steps: 
• A known mass of soil is poured into the funnel which is filled with water; it is made sure 
that the water level is always maintained at a fixed height in order to maintain saturated 
conditions when the soil is being poured. The excess water left on the top is then 




• Considering the volume of the funnel which is known and the mass of the soil poured 
into the funnel ,the initial volume of the water is computed as the specific gravity of the 
sample is known. 
• Starting from the mid height of the sample the burette is lowered down and the outflow of 
water in each step and the corresponding head are noted down. The outflow water is 
measured by using a measuring cylinder. 
• By subtracting the retreated volume of water from the initial volume of the water we can 
get the volume of water in the sample at each level of the burette. The degree of 
saturation can be computed by volume of water maintained in the sample in each step by 
the initial volume of the water 
• The matric suction head is calculated as the difference between the mid height of the 
sample and the free out flown level of water at each step of lowering of the burette. 
• When there is no further outflow of water, which means the sample has reached its 
residual saturation stage the test is stopped. 
• Now the valve is closed and the burette is elevated this time in order to get the wetting 
curve and the water is added in each step of the burette being elevated in order to 
maintain the out flown level of water 
• The matric suction head and degree of saturation are calculated in a similar way as the 
drying curve, as the level reaches the mid height of the sample,  and the final few steps 
close to the mid height of the sample are time taking.   
• Finally the degree of saturation is plotted versus the matric suction head in order to get 





Figure 3.7:  Schematic Diagram of Buchner Funnel Setup 
3.4.5 Discussion of Results 
• Bubbling pressure head is the point at which water starts to drain out of the sample in the 
drying phase. 
• As the head increases degree of saturation decreases. 
• Residual degree of saturation is a point at which there is no outflow of water even after 
decreasing the head further. 
• The results show that the wetting and drying cycles follow a hysteresis pattern. 
• The shape of the curve also depends on maintaining the saturation during the start of 
drying process. 
• The sample has to be uniformly distributed; the concentration of sample at one end will 
result in the shape of the curve being distorted. 
• The hysteresis can be termed as saturation hysteresis as there is no air trapped in the 





Figure 3.8: Distorted Soil Water Characteristic Curve Generated when the Sample is not 
Distributed and Saturated Uniformly 
 
3.4.6 Conclusions and Objectives of the Test 
• The objective of the test is to plot the matric suction head versus degree of saturation up 
to three cycles of wetting and drying and to obtain the samples from the test at the end of 
drying and wetting corresponding to the cycles. 
• Important parameters such as the bubbling pressure and residual degree of saturation can 
be obtained. 
• From the results it can be seen that there is no single unique relationship between matric 
suction head and degree of saturation but the results depend on saturation history as 
concluded by (Sharma and Mohamed, 2003). 
• The residual degree of saturation depends on the material being used. 































3.5 Shear Wave Velocity and Stiffness Measurement 
The small strain shear modulus Gmax and shear wave velocity Vs   provide valuable information  
which are very useful in design of structures subjected to dynamic loading such as an earthquake, 
and also in order to assess the liquefaction potential of the soil. These values can be obtained in a 
simplest way from shear wave velocity measurements using peizo electric transducers such as 
bender elements. The use of bender elements to measure the shear wave velocity in soils was 
first suggested by Shirley and Hampton,(1978). Ceramic substances can be made into 
piezoelectric by polarizing treatment. 
3.5.1 Bender Elements 
These are peizo electric transducers consisting of two layers, which consists of two outer 
electrodes which are conductive, two peizo ceramic sheets and a metallic shim at the center 
which has to be coated in order to protect them against shock when they come in contact with 
moisture .There are two types of bender elements: Series and parallel type, in this study parallel 
type bender elements are used .In parallel type the two peizo electric transducers will have the 
same poling direction. When a voltage is applied parallel type of bender elements provide twice 
the displacement when compared to the series type of bender elements. The bender elements 
used in this study are coated with a thin polyurethane coat and care is taken so that there are no 
air bubbles present in the coat. Piezo ceramic elements distort or bend when subjected to a 
change in voltage. Two such elements are placed opposite to each other and are inserted a small 
distance into a soil sample, typically around 3mm. The voltage in one element is varied creating 






Figure 3.9:  Parallel Type Bender Elements Used in the Testing 
 
The input voltage, and the received signal are recorded continuously using an oscilloscope, 
allowing the travel time of the shear waves to be measured from which the dynamic elastic shear 
modulus and shear wave velocity  can be determined.  
The size of the bender elements used in this study are 12mm*5mm*0.5mm. The 
dimensions of the bender element are important as they effect the tip deflection of the transmitter 
element and the output voltage of the receiver element. The center shim is placed in such a way 






Figure 3.10:  Side view of Sand Sample being Tested in the Mold. 
 3.5.2 Setup and Details 
Function generator used- Krohnhite 1450-The purpose of a function generator is; it is used to 
generate the sine wave. 
Oscilloscope- Agilent 6400 series-an oscilloscope with a higher frequency is required to 
record the results as the time of travel of the shear waves is very short, from one end to the other, 
it receives a sine wave from the function generator. 
Signal amplifier- Krohnhite 4300 signal amplifier- When the received signals are weak 
they need to be fed into a signal amplifier in order to amplify the signal. 
One bender element acts as transmitter and the other one as receiver, the signal will be 
applied to the transmitter and is recorded on the oscilloscope. The length of travel of the shear 
wave will be equal to the length of the specimen being used as the wave is assumed to be 




element and the time is obtained by characteristic point’s method. The shear wave velocity can 
be calculated using the following formula: 
Vs=L/T                  (3.1) 
And the shear modulus can be calculated using 
Gmax=ρ*(Vs) 2                (3.2)                                                                                                                                                                                           
Using bender elements the maximum shear modulus of the soil can be computed. The 
accuracy of this test depends on the determination of the travel time of shear wave; the first 
arrival of the shear wave is hindered by near field and wave interface effects and the accuracy 
will be reduced by the phase lag between electric signal and the wave. 
 
Figure 3.11: Experimental Setup 
3.5.3 Methods for Determining the Travel Time (Arulnathan et.al) 













• Travel time between characteristic peaks of input and output signals 
• Travel time by cross correlation of input to output signals 
• Travel time by phase velocity 
• Travel time using the second arrival time in the output signal.   
3.6 Overview of Edushake 
Edushake is a seismic ground response analysis program of horizontally layered soil deposits, it 
consists of a windows graphical user interface. The data inputted into Edushake can be checked 
easily and fast, and the results will be interpreted easily and efficiently than previous versions of 
SHAKE.  
The different features available in this package make it easy and also efficient to use. There 
is a possibility to pick up the units in the desired format; it consists of a number of built in soil 
models, which will help in interpolating according to the necessity. We can obtain the soil profile 
data and the points at which we choose to plot the time histories or calculate the desired 
parameters ,those points will be highlighted with green ovals, which helps us in correcting 
mistakes prior to the analysis is started. While the analysis is going on there is a possibility to 
check the graphs as we proceed. The output parameters at any depth in the soil profile can be 
plotted. 
Plots that are being generated in this study are time histories of acceleration, velocity, shear 
stress, shear strain, displacement, response spectra, Fourier spectra; phase spectra etc, .Scalar 
parameters such as peak acceleration, peak velocity, RMS acceleration, arias intensity, 
predominant period and bracketed duration will be computed at different depths in the soil 
profile. 
There is a feature that enables the documentation of these results which can be saved and 




3.6.1 Modulus Reduction Curve 
Edushake has an important step in which once the soil details are entered we need to select the 
modulus reduction curves. We can either select the ones which are on the menu or go for adding 
new modulus reduction curves, which will be saved in order to get the final output according to 
the selected one. 
This curve is used to show the manner in which the shear modulus varies with the shear 
strain amplitude. The shape of the curve is used to indicate the nonlinearity of the material .With 
decrease in the plasticity index the nonlinearity of the soil increases. 
3.6.2 Damping Curve 
It is used to indicate the way in which the damping ratio varies with shear strain amplitude. 
Different types of soils will have different type of damping characteristics. With decrease in 
plasticity index, soil damping increases. We can either select a damping curve from the drop 
down menu in the Edushake or define the damping curve needed. 
3.6.3. Animation 
The horizontal displacements of an originally vertical line throughout an input motion can also 
be viewed by a feature called animation in Edushake. As we increase the number of soil layers 







CHAPTER 4: EXPERIMENTAL RESULTS 
Buchner funnel setup is used to plot the soil water characteristic curves for sand and silty sand, 
this device is called as a low suction device. Samples are obtained at each cycle of wetting and 
drying and in the second stage they are placed in the mold and are tested using bender elements 
to obtain shear wave velocity and stiffness. The sample density is maintained in the mold 
according to the density of soil calculated in the Buchner funnel .Tests are conducted till the 
third cycle of wetting in case of sand.  
4.1Sand 
4.1.1 Wetting and Drying Cycles of Sand 
 





























257.3 3 254.3 27 195.82 167.32 85.44 
257.3 13 244.3 41 195.82 153.32 78.29 
257.3 23 234.3 83 195.82 111.32 56.84 
257.3 33 224.3 89 195.82 104.32 53.27 
257.3 45 212.3 93 195.82 101.32 51.74 
257.3 55 202.3 97 195.82 98.82 50.46 
257.3 65 192.3 101 195.82 94.82 48.42 
257.3 85 172.3 105 195.82 89.32 45.61 
257.3 97 160.3 109 195.82 85.32 43.57 
257.3 115 142.3 113 195.82 80.32 41.01 
257.3 133 124.3 120.5 195.82 75.32 38.46 
257.3 143 114.3 123 195.82 72.32 36.93 
257.3 153 104.3 127 195.82 67.32 34.37 
257.3 163 94.3 131 195.82 64.32 32.84 
257.3 170 87.3 134 195.82 62.32 31.82 
257.3 175 82.3 135 195.82 61.32 31.31 





Figure 4.1: Soil water characteristic curve of sand at first cycle of drying 
 
Table 4.2: Results from shear wave experiment at first cycle of drying of sand. 
Specific gravity Gs   2.67 
Density of the soil γ g/cc 2.115 
Mass of the soil m gms 188.14 
Volume of the mold v cc 88.925 
Shear wave velocity Vs  m/s 0.725 
Length of the sample L m 0.029 
Bulk density ρ KNs
2/m4 
 28.54 
stiffness Gmax  
KN/m2 
 15.00 
Water content w % 10 
Time t sec 0.04 
             
Soil samples taken at each cycle of drying and wetting are placed in the mold and are given 
equal number of blows throughout the soil .Plastic mold is used in the case of sand and 























wave velocity is computed as the distance over the time where distance is the length of the 
sample which is the distance between the tip to tip of the bender elements, and the time is 
determined according to the procedure outlined in chapter number three. 
While computing the density of the soil in the Buchner funnel ,care is taken that the mass 
of the soil at that cycle along with the amount of water absorbed into the soil sample is taken into 
consideration. The shear wave velocity and stiffness computed are inputted into the Edushake 
package and the ground response analysis is done varying the soil types. The behavior of 
unsaturated soils is evaluated when they are underlain by saturated soil samples. 
Bubbling pressure head hb   is at a head at which water starts seeping out of the soil sample 
and residual degree of saturation can be termed as a point at which there is no further outflow of 
water even after further increase in the head and from this point the curve tends to be straight. 
The shape of the curve is segmoidale.  
 
 























Initial     
vol 









Final   
vol 
Sr 
257.3 10.3 247 14 195.82 181.82 92.85 177.2 0.25 72.57 72.82 37.18 
257.3 25 232.3 28 195.82 167.82 85.70 169.7 1.5 72.57 74.07 37.82 
257.3 35.3 222 56 195.82 139.82 71.40 163 2.5 72.57 75.07 38.33 
257.3 51.1 206.2 76 195.82 119.82 61.18 152.2 6.5 72.57 79.07 40.37 
257.3 62 195.3 81 195.82 114.82 58.63 147.4 7 72.57 79.57 40.63 
257.3 72.2 185.1 84.5 195.82 111.32 56.84 134.8 12 72.57 84.57 43.18 
257.3 84.2 173.1 90 195.82 105.82 54.03 124.5 15 72.57 87.57 44.71 
257.3 94.1 163.2 94.5 195.82 101.32 51.74 106.3 20 72.57 92.57 47.27 
257.3 105.1 152.2 97.5 195.82 98.32 50.20 96.5 24 72.57 96.57 49.31 
257.3 115.2 142.1 101 195.82 94.82 48.42 83.5 28 72.57 100.57 51.35 
257.3 125 132.3 103.5 195.82 92.32 47.14 71 32 72.57 104.57 53.40 
257.3 133.6 123.7 108 195.82 87.82 44.84 61.3 34 72.57 106.57 54.42 
257.3 141.5 115.8 112 195.82 83.82 42.80 52.1 36 72.57 108.57 55.44 
257.3 146.9 110.4 114 195.82 81.82 41.78 43.75 39.5 72.57 112.07 57.23 
257.3 153.5 103.8 117 195.82 78.82 40.25 36.25 42 72.57 114.57 58.50 
257.3 158.5 98.8 119.5 195.82 76.32 38.97 26.25 45 72.57 117.57 60.03 
257.3 166 91.3 121.5 195.82 74.32 37.95 16.87 48 72.57 120.57 61.57 
257.3 170.2 87.1 122.5 195.82 73.32 37.44 10 51 72.57 123.57 63.10 
257.3 173.7 83.6 123 195.82 72.82 37.18 4.37 55 72.57 127.57 65.14 
257.3 177.2 80.1 123.2 195.82 72.57 37.05 1.87 70 72.57 142.57 72.80 
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257.3 2.75 21 142.57 121.57 85.27 
257.3 16.87 24 142.57 118.57 83.16 
257.3 26.87 27 142.57 115.57 81.06 
257.3 38.75 30.5 142.57 112.07 78.60 
257.3 51.8 34.5 142.57 108.07 75.80 
257.3 63.3 38 142.57 104.57 73.34 
257.3 74.6 42.5 142.57 100.07 70.19 
257.3 83.7 46 142.57 96.57 67.73 
257.3 94.6 49 142.57 93.57 65.63 
257.3 103.3 52 142.57 90.57 63.52 
257.3 114.7 55 142.57 87.57 61.42 
257.3 123.8 58 142.57 84.57 59.31 
257.3 132.7 61 142.57 81.57 57.21 
257.3 141.6 64 142.57 78.57 55.10 
257.3 154.4 71 142.57 71.57 50.19 
257.3 162.3 74 142.57 68.57 48.09 
257.3 167.9 76 142.57 66.57 46.69 
257.3 172.6 77 142.57 65.57 45.99 
257.3 177.5 77.5 142.57 65.07 45.64 
        . 
 


























Table 4.5: Results from Shear Wave Experiment at Second Cycle of Drying of Sand 
Specific gravity Gs   2.67 
Density of the soil γ g/cc 2.135 
Mass of the soil m gms 189.85 
Volume of the mold v cc 88.925 
Shear wave velocity Vs  m/s 1.208 
Length of the sample L m 0.029 
Bulk density ρ KNs
2/m4 
 27.98 
stiffness Gmax  
KN/m2 
 40.83 
Water content w % 7.31 

















Table 4.6: Third Cycle of drying 
                                                                                                                             (Table continued) 
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257.3 10.3 16 195.82 179.82 91.82 76.57 0.25 76.82 177.5 39.22 
257.3 18.12 24 195.82 171.82 87.74 76.57 1.5 78.07 163.7 39.86 
257.3 27.8 51 195.82 144.82 73.95 76.57 5 81.57 153.2 41.65 
257.3 40 71 195.82 124.82 63.74 76.57 8 84.57 137 43.18 
257.3 54 78 195.82 117.82 60.16 76.57 15 91.57 114.5 46.76 
257.3 64.8 84 195.82 111.82 57.10 76.57 19 95.57 101.8 48.80 
257.3 73.1 86 195.82 109.82 56.08 76.57 22 98.57 91.1 50.33 
257.3 84 89 195.82 106.82 54.55 76.57 26.5 103.07 80.3 52.63 
257.3 95.3 93 195.82 102.82 52.50 76.57 29 105.57 69.2 53.91 
257.3 103.8 96 195.82 99.82 50.97 76.57 32 108.57 56.3 55.44 
257.3 113.6 99 195.82 96.82 49.44 76.57 36 112.57 46.25 57.48 
257.3 124 102 195.82 93.82 47.91 76.57 39 115.57 35.3 59.01 
257.3 132.8 105 195.82 90.82 46.37 76.57 42 118.57 26.25 60.55 
257.3 142.4 108 195.82 87.82 44.84 76.57 45 121.57 16.87 62.08 
257.3 154.6 113 195.82 82.82 42.29 76.57 55.5 132.07 3.75 67.44 
257.3 165.1 115.5 195.82 80.32 41.01      
257.3 171 118 195.82 77.82 39.74      
257.3 174.1 118.5 195.82 77.32 39.48      
257.3 176 119 195.82 76.82 39.22      




























257.3 4 10 132.07 122.07 92.42 177.7 0.5 70.57 70.07 53.43 
257.3 20.3 12.5 132.07 119.57 90.53 172.4 2 72.07 70.07 54.56 
257.3 30.3 15 132.07 117.07 88.64 157.7 5 75.07 70.07 56.84 
257.3 39.06 18 132.07 114.07 86.37 144.2 8 78.07 70.07 59.11 
257.3 49.8 22 132.07 110.07 83.34 128.2 12 82.07 70.07 62.14 
257.3 62.3 25.5 132.07 106.57 80.69 117.5 15 85.07 70.07 64.41 
257.3 72.5 28.5 132.07 103.57 78.42 103.6 18 88.07 70.07 66.68 
257.3 83.6 32 132.07 100.07 75.77 93.3 21 91.07 70.07 68.95 
257.3 94.4 36 132.07 96.07 72.74 82.3 25 95.07 70.07 71.98 
257.3 103 39 132.07 93.07 70.47 72.2 28 98.07 70.07 74.25 
257.3 113.5 42 132.07 90.07 68.19 61.6 32 102.07 70.07 77.28 
257.3 123.4 45 132.07 87.07 65.92 50.2 35 105.07 70.07 79.55 
257.3 131.8 47 132.07 85.07 64.41 36.87 40.5 110.57 70.07 83.72 
257.3 141.3 50 132.07 82.07 62.14 27.8 44 114.07 70.07 86.37 
257.3 157.7 56 132.07 76.07 57.59 19.68 47 117.07 70.07 88.64 
257.3 161.4 57 132.07 75.07 56.84 2.5 63 133.07 70.07 100 
257.3 168.2 59 132.07 73.07 55.32 
     
257.3 171.8 61 132.07 71.07 53.81 
     
257.3 174.2 62 132.07 70.07 53.05 
     
257.3 177.7 62 132.07 70.07 53.05 
     




























257.3 5.5 5 133.07 128.07 96.24 
257.3 17.5 9 133.07 124.07 93.23 
257.3 28.43 12 133.07 121.07 90.98 
257.3 37.81 14 133.07 119.07 89.47 
257.3 47.5 17 133.07 116.07 87.22 
257.3 58.6 20 133.07 113.07 84.97 
257.3 71.2 23.5 133.07 109.57 82.34 
257.3 84.1 28 133.07 105.07 78.95 
257.3 92.2 31 133.07 102.07 76.70 
257.3 106.6 35 133.07 98.07 73.69 
257.3 114.1 38 133.07 95.07 71.44 
257.3 124.7 42 133.07 91.07 68.43 
257.3 135.7 46 133.07 87.07 65.43 
257.3 144.6 49.5 133.07 83.57 62.80 
257.3 152.3 54 133.07 79.07 59.41 
257.3 160.4 56.5 133.07 76.57 57.54 
257.3 165.7 59 133.07 74.07 55.66 
257.3 170.3 61 133.07 72.07 54.15 
257.3 173.6 62 133.07 71.07 53.40 
257.3 178.8 62.2 133.07 70.82 53.22 
                 
 




























Table 4.9: Results from Shear Wave Experiment at Third Cycle of Drying of Sand 
Specific gravity Gs  
 
2.67 
Density of the soil γ g/cc 2.142 
Mass of the soil m gms 190.56 
Volume of the mold v cc 88.925 
Shear wave velocity Vs  m/s 1.8125 
Length of the sample d m 0.029 
Bulk density ρ KNs
2/m4 
 27.68 
stiffness Gmax  
KN/m2 
 90.933 
Water content w % 6.01 











































257.3 3.75 28.5 195.82 167.32 85.44 178.5 0.75 60.32 61.07 31.18 
257.3 15 42.5 195.82 153.32 78.29 169.3 2 60.32 62.32 31.82 
257.3 25 84.5 195.82 111.32 56.84 161.7 5 60.32 65.32 33.35 
257.3 35.62 91.5 195.82 104.32 53.27 145 8.5 60.32 68.82 35.14 
257.3 47.18 94.5 195.82 101.32 51.74 129.5 13 60.32 73.32 37.44 
257.3 55.7 97 195.82 98.82 50.46 105 20.5 60.32 80.82 41.27 
257.3 68.5 101 195.82 94.82 48.42 90.5 24 60.32 84.32 43.05 
257.3 86 106.5 195.82 89.32 45.61 78 29 60.32 89.32 45.61 
257.3 99.4 110.5 195.82 85.32 43.57 67.2 32 60.32 92.32 47.14 
257.3 117.5 115.5 195.82 80.32 41.01 55.7 35 60.32 95.32 48.67 
257.3 132.9 120.5 195.82 75.32 38.46 40.625 40 60.32 100.32 51.23 
257.3 145.8 123.5 195.82 72.32 36.93 26.25 44 60.32 104.32 53.27 
257.3 154 128.5 195.82 67.32 34.37 11.25 47.5 60.32 107.82 55.06 
257.3 163.2 131.5 195.82 64.32 32.84 3.75 54 60.32 114.32 58.38 
257.3 169.8 133.5 195.82 62.32 31.82           
257.3 175.4 134.5 195.82 61.32 31.31           
257.3 178 135.5 195.82 60.32 30.80           
















Table 4.11: Third Cycle of Wetting 



































257.3 4 14 114.32 100.32 87.75 178.3 0.25 51.82 52.07 45.54 
257.3 15 16 114.32 98.32 86.00 170.3 2 51.82 53.82 47.07 
257.3 24.68 17.5 114.32 96.82 84.69 162.2 5 51.82 56.82 49.70 
257.3 34.37 20 114.32 94.32 82.50 152.7 7 51.82 58.82 51.45 
257.3 43.75 22 114.32 92.32 80.75 137.2 12 51.82 63.82 55.82 
257.3 59.2 26 114.32 88.32 77.25 120.5 16 51.82 67.82 59.32 
257.3 75.8 30 114.32 84.32 73.75 99.5 22.5 51.82 74.32 65.01 
257.3 86.2 34 114.32 80.32 70.25 84.3 26.5 51.82 78.32 68.50 
257.3 98.4 38 114.32 76.32 66.75 71.3 30 51.82 81.82 71.57 
257.3 107 40 114.32 74.32 65.01 55 35 51.82 86.82 75.94 
257.3 120.5 45 114.32 69.32 60.63 34.06 42 51.82 93.82 82.06 
257.3 134.8 49 114.32 65.32 57.13 15.31 49 51.82 100.82 88.19 
257.3 154.3 54 114.32 60.32 52.76 4.06 56 51.82 107.82 94.31 
257.3 162.8 59 114.32 55.32 48.39           
257.3 169.7 59.5 114.32 54.82 47.95           
257.3 173.3 61.5 114.32 52.82 46.20           








Scale   
ht 


















257.3 4 5.5 107.82 102.32 94.89 177.3 0.25 45.32 45.57 42.26 
257.3 14.37 8 107.82 99.82 92.58 167.7 2.5 45.32 47.82 44.35 
257.3 26.87 11 107.82 96.82 89.79 159.8 5.5 45.32 50.82 47.13 
257.3 35.93 14 107.82 93.82 87.01 149.4 8 45.32 53.32 49.45 
257.3 52.2 19 107.82 88.82 82.37 137.5 11.5 45.32 56.82 52.69 
257.3 70.4 24 107.82 83.82 77.74 113 18.5 45.32 63.82 59.19 
257.3 84.6 29 107.82 78.82 73.10 99.1 22.5 45.32 67.82 62.90 
257.3 94.3 32 107.82 75.82 70.32 83.4 26.5 45.32 71.82 66.61 
257.3 108.6 36 107.82 71.82 66.61 65.7 30.5 45.32 75.82 70.32 
257.3 129.6 45 107.82 62.82 58.26 52.7 34.5 45.32 79.82 74.03 
257.3 140.8 48 107.82 59.82 55.48 30.62 44.5 45.32 89.82 83.30 
257.3 152.5 53 107.82 54.82 50.84 13.75 51 45.32 96.32 89.33 
257.3 161.1 55 107.82 52.82 48.98 5 55 45.32 100.32 93.04 
257.3 170.3 58 107.82 49.82 46.20 2.187 60 45.32 105.32 97.68 
257.3 173.8 61.5 107.82 46.32 42.96 
     
257.3 177.3 62.5 107.82 45.32 42.03 


































Table  4.13: Results from Shear Wave Experiment at Third Cycle of Wetting of Sand. 
Specific gravity Gs  
 
2.67 
Density of the soil γ g/cc 2.129 
Mass of the soil m gms 189.35 
Volume of the mold v cc 88.925 
Shear wave velocity Vs  m/s 0.906 
Length of the sample L m 0.029 
Bulk density ρ KNs
2/m4 
 29.628 
stiffness Gmax  
KN/m2 
 24.31 
Water content w % 13.6 






























Figure  4.6: Plot of Density versus Stiffness 
 
 






































Figure 4.8: Plot of Water Content versus Shear Wave Velocity. 
It can be observed from the above plots of sand samples that as density increases the shear wave 
velocity and stiffness increase. And as the water content decreases stiffness and shear wave 
velocity increase. 
4.2 Silty Sand 
In case of silty sand the rate of flow of water is slow when compared to that of sand, the sample 
is prepared under fully saturated condition and in order to distribute it evenly it is tamped 
uniformly. Care is to be taken in case of silty sand while handling the burette as erroneous results 
will be generated if higher amounts of water comes out at a single head which is the result of 
improper handling of the burette while lowering it. And during the wetting cycles in order to be 
precise the free out flow level of water has to be maintained in the same way during all the steps 
and the added water should be recorded carefully , as even minute amounts of water can alter the 




























4.2.1 Wetting and Drying Cycles of Silty Sand 
 














257.3 2.812 48 236.275 188.275 79.68 
257.3 15.93 66 236.275 170.275 72.06 
257.3 28.75 76 236.275 160.275 67.83 
257.3 40.31 84 236.275 152.275 64.44 
257.3 52.8 95.5 236.275 140.775 59.58 
257.3 62.7 111.5 236.275 124.775 52.80 
257.3 70.1 126 236.275 110.275 46.67 
257.3 84.2 140 236.275 96.275 40.74 
257.3 95.1 143.5 236.275 92.775 39.26 
257.3 113.2 149.5 236.275 86.775 36.72 
257.3 130.4 154.5 236.275 81.775 34.61 
257.3 141.6 158 236.275 78.275 33.12 
257.3 154 164 236.275 72.275 30.58 
257.3 163.8 166 236.275 70.275 29.74 
257.3 172.8 171 236.275 65.275 27.62 







Figure  4.9: Soil Water Characteristic Curve of Silty Sand at First Cycle of Drying 
Table 4.15: Results from Shear Wave Experiment at First Cycle of Drying of Silty Sand 
Specific gravity Gs  2.65 
Density of the soil γ g/cc 1.55 
Mass of the soil m gms 118.82 
Volume of the mold v cc 76.66 
Shear wave velocity Vs m/s 0.83 
Length of the sample L m 0.025 
Bulk density ρ KNs2/m4 28.26 
stiffness Gmax KN/m2 19.46 
Water content w % 9.85 































Table 4.16: Second Cycle of Drying 
Drying1 Wetting1 




Ret   
vol              
















257.3 2.5 51 234.7 183.7 78.27 177.9 0.25 64.45 64.7 27.56 
257.3 15 68.5 234.7 166.2 70.8 165.8 1 64.45 65.45 27.88 
257.3 27.18 74 234.7 160.7 68.47 148.3 3.5 64.45 67.95 28.95 
257.3 40.31 85 234.7 149.7 63.78 115.5 8 64.45 72.45 30.86 
257.3 54.4 109 234.7 125.7 53.55 92.5 11.5 64.45 75.95 32.36 
257.3 74.3 138.5 234.7 96.2 40.98 76.8 14 64.45 78.45 33.42 
257.3 89.7 144 234.7 90.7 38.64 55.7 16 64.45 80.45 34.27 
257.3 106.4 148 234.7 86.7 36.94 38.12 19 64.45 83.45 35.55 
257.3 122.4 153 234.7 81.7 34.81 19.68 21.5 64.45 85.95 36.62 
257.3 138.7 158.5 234.7 76.2 32.46 2.5 26 64.45 90.45 38.53 
257.3 154.8 164 234.7 70.7 30.12          
257.3 165.4 168 234.7 66.7 28.41           
257.3 173.7 170 234.7 64.7 27.56           
257.3 177.9 170.2 234.7 64.45 27.46           
































257.3 3 20 90.45 70.45 77.88 
257.3 25.937 23 90.45 67.45 74.57 
257.3 38.125 25 90.45 65.45 72.36 
257.3 50.8 27 90.45 63.45 70.14 
257.3 70 29 90.45 61.45 67.93 
257.3 88.8 31.5 90.45 58.95 65.17 
257.3 108.2 35 90.45 55.45 61.30 
257.3 128.3 38 90.45 52.45 57.98 
257.3 142 41 90.45 49.45 54.67 
257.3 153.6 43 90.45 47.45 52.459 
257.3 164.6 44 90.45 46.45 51.35 
257.3 173.7 45.5 90.45 44.95 49.696 


































Table  4.18: Results from Shear Wave Experiment at Second Cycle of Drying of Silty Sand . 
Specific gravity Gs  
 
2.65 
Density of the soil γ g/cc 1.58 
Mass of the soil m gms 121.12 
Volume of the mold v cc 76.66 
Shear wave velocity Vs m/s 1.25 
Length of the sample L m 0.025 
Bulk density ρ KNs2/m4 27.66 
stiffness Gmax KN/m2 43.21 
Water content w % 6.81 




















Table 4.19: Third Cycle of Drying 



































257.3 11.25 15 106.65 91.65 85.93 177.2 0.25 14.65 14.9 13.97 
257.3 20.62 24 106.65 82.65 77.49 156.3 2 14.65 16.65 15.61 
257.3 30 30 106.65 76.65 71.87 137.2 4.5 14.65 19.15 17.95 
257.3 41.87 39.5 106.65 67.15 62.96 105.7 9 14.65 23.65 22.17 
257.3 61.5 48.5 106.65 58.15 54.52 85.6 11 14.65 25.65 24.05 
257.3 75.5 54.5 106.65 52.15 48.89 67.2 13 14.65 27.65 25.92 
257.3 88.8 59.5 106.65 47.15 44.21 43.37 16 14.65 30.65 28.73 
257.3 106.5 64 106.65 42.65 39.99 30.93 18 14.65 32.65 30.61 
257.3 125.1 71 106.65 35.65 33.42 19.68 20 14.65 34.65 32.48 
257.3 137.3 75 106.65 31.65 29.67 9.37 22 14.65 36.65 34.36 
257.3 153.8 82 106.65 24.65 23.11 4.37 24 14.65 38.65 36.24 
257.3 166 88 106.65 18.65 17.48           
257.3 172.7 91 106.65 15.65 14.67           


























257.3 6 3.5 38.65 35.15 90.94 177.3 0.25 12.65 12.9 33.37 
257.3 25 5 38.65 33.65 87.06 158 2 12.65 14.65 37.90 
257.3 35.62 6.5 38.65 32.15 83.18 138.7 4.5 12.65 17.15 44.37 
257.3 44.37 8 38.65 30.65 79.30 113 8 12.65 20.65 53.42 
257.3 62 10 38.65 28.65 74.12 91.5 11 12.65 23.65 61.19 
257.3 84.5 12.5 38.65 26.15 67.65 74.2 13 12.65 25.65 66.36 
257.3 100.2 14 38.65 24.65 63.77 58.9 14.5 12.65 27.15 70.24 
257.3 120.3 17 38.65 21.65 56.01 39.37 17 12.65 29.65 76.71 
257.3 138.2 19.5 38.65 19.15 49.54 22.5 20 12.65 32.65 84.47 
257.3 154.2 22 38.65 16.65 43.07 11.25 22 12.65 34.65 89.65 
257.3 165.6 24 38.65 14.65 37.90 0.625 24 12.65 36.65 94.82 
257.3 171.5 25 38.65 13.65 35.31           
257.3 177.3 26 38.65 12.65 32.72           






























257.3 7 2.75 36.65 33.9 92.49 
257.3 25 3.5 36.65 33.15 90.45 
257.3 35.62 4.5 36.65 32.15 87.72 
257.3 44.37 5.25 36.65 31.4 85.67 
257.3 62 7 36.65 29.65 80.90 
257.3 84.5 9 36.65 27.65 75.44 
257.3 100.2 11 36.65 25.65 69.98 
257.3 120.3 13.5 36.65 23.15 63.16 
257.3 138.2 16 36.65 20.65 56.34 
257.3 154.2 18.5 36.65 18.15 49.52 
257.3 165.6 20 36.65 16.65 45.42 
257.3 171.5 22 36.65 14.65 39.97 



































Table  4.22: Results from Shear Wave Experiment at Third Cycle of Drying of Silty Sand 
Specific gravity Gs  
 
2.65 
Density of the soil γ g/cc 1.59 
Mass of the soil m gms 121.88 
Volume of the mold v cc 76.66 
Shear wave velocity Vs  m/s 2.08 
Length of the sample L m 0.025 
Bulk density ρ KNs
2/m4 
 27.30 
stiffness Gmax  
KN/m2 
 118.11 
Water content w % 5.65 































Figure 4.13: Plot of Density versus Stiffness 
 
 













































Figure 4.15: Plot of Water Content versus Stiffness 
 
It can be observed from the above plots of silty sand that as density increases the shear wave 
































CHAPTER 5: EDUSHAKE ANALYSIS 
The soil samples tested for obtaining the shear wave velocity and stiffness are used in the 
Edushake analysis considering the soil type, density of the soil sample and the values obtained. 
Edushake performs the ground response analysis. 
5.1 Problem 1  
In the first problem a soil profile is chosen in such a way that the samples of ASTM 20/30 
sand obtained from the cycles of first drying, second drying, third drying and third wetting are 
considered. The corresponding densities and shear wave velocities are given as inputs. The depth 
of the water table is inputted as 60feet. Which indicates that the first six layers of sand is 
unsaturated i.e. this case highlights the ground response of unsaturated sand deposits underlain 
by saturated sand deposits when subjected to an earth quake. In Edushake analysis the last layer 
thickness will be set to infinity by default. The appropriate modulus reduction and damping 
curves   are chosen at a preliminary phase of analysis. 
Fig5.1 shows the soil profile used in the analysis where the sand 1 to sand 3 represent the 
characteristic of the soils tested in the lab from first cycle of drying to the third cycle of drying. 
The sand 4 in the last two layers is representative of the soil sample tested at third cycle of 
wetting. The green ovals indicate the layers at which the output analysis is carried out. The 
variation in the shear wave velocity and unit weight can also be seen in the figure. Unlimited 
number of material layers can be defined. Initial pore water pressures will be taken as zero above 
and hydrostatic below the water table.  
Pore water moves with the soil during an earthquake shaking and hence saturated unit 
weights are used for soil below the ground water table and dry unit weight is used for soils above 






Figure 5.1: Soil Profile with Input Parameters 
 
5.1.1 Input Motion  
The input motion section has a portion where the number of layers and outcrops can be selected 
which is specific to the problem selected; the other portion simulates data which is according to 
the input motion selected. Yerba earthquake is chosen for simulation, as a portion of unsaturated 
soils were also prone to liquefaction during that earthquake. A number of input motions can be 





5.1.2 Object Motion Plots 
The following plots are presented so that characteristics of input motions can be examined before 
the analysis is started. Object motion is the input motion given for the analysis to run. 
Time Histories 
Time histories of acceleration, velocity, displacement, shear strain and shear stress are selected 
for plotting at layers1, 3, 5 and 7 which are indicated by green ovals in the soil profile. 
Shear stress and shear strain values are zero at the ground surface. 
 
Figure 5.2: Time History of Acceleration 
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Figure 5.3: Time History of Velocity 
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Husid plot shows how energy of ground motion is distributed with time. 
 
 
Figure 5.5: Husid Plot of Acceleration 
 
It is sum of a series of sine waves with different amplitudes, frequencies and phase angles. This 
plot is amplitude against frequency for these sine waves. 
 
Figure 5.6: Fourier Spectrum of Acceleration 
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This plot is phase angle versus frequency for all the sine waves which make Fourier series. 
 
Figure 5.7: Phase Spectrum of Acceleration 
 
 
It shows how the power of ground motion varies with frequency. 
 
Figure 5.8: Power Spectrum of Acceleration 
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Response Spectrum: Response spectrum can be plotted at three different damping ratios where 
the damping ratios are in percentage. 
 
Figure 5.9: Response Spectrum at 5% Damping 
The following table presents the other important parameters computed which is common to the 
input motions selected as Yerba earthquake. After the simulation is carried out parameters can 
also be computed according  to the properties of the soil profile inputted. 





































0 1 2 3 4 5
Peak acceleration[g] 0.0650 
Peak velocity[ft/sec] 0.4772 
Peak displacement[ft] 0.1263 
RMS acceleration[g] 0.0173 
Arias intensity [ft/sec] 0.1307 
Response spectrum intensity[g^2] 0.8789 
Predominant period [sec] 1.4120 
Mean period[sec] 0.9412 
Bracketed duration[sec] 0.0800 
Trifunac duration[sec] 7.7800 
Spectral acceleration at 0.3 sec[g] 0.1443 
Spectral acceleration at 1.0 sec[g] 0.0716 




The following section has plots which are the response to the soil profile selected and according 
to the inputs given in the analysis. The plots obtained are classified into six tabs in the package, 
which are ground motion plots, stress and strain plots, response spectrum plots, depth plots, other 
parameters and animation. 
5.1.3 Ground Motion Plots  
 In this section the following plots of time histories and Fourier spectra are generated at the 
selected layers. 
Plots are generated for layers 1 and 5 for acceleration, velocity and displacements as a 
function of time or frequency. They can be plotted at different depths desired. The plots show 
variation of acceleration, velocity and displacement with time. Acceleration has magnitude and a 
specific direction, the increase or decrease in the velocity over a period of time which is termed 
as acceleration is recorded over a period of time in this plot. 
 
Figure 5.10: Time History of Acceleration. 
Time history of velocity and displacement consists of velocity and displacement of the input 
motion recorded over a period of time.  
T i m e  H i s t o r y  o f  A c c e l e r a t i o n
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Figure 5.11: Time History of Velocity 
 
Figure 5.12: Time History of Displacement 
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5.1.4 Shear Stress and Shear Strain Plots 
 These plots are selected for layers 5 and 7; they show the variation of shear stress and shear 
strain with time. Shear stress and shear strain cannot be computed at the ground surface as they 
are zero. 
 
Figure 5.13: Time History of Shear Strain. 
 
Figure 2.14: Time History of Shear Stress 
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5.1.5 Response Spectrum Plots 
 Different depths and damping ratios can be selected in this section. Response spectra are plotted 





Figure 5.15: Response Spectra of Acceleration at 5%, 10% and 15% of Damping. 
 
5.1.6 Depth Plots 
The variation of ground motion amplitudes with depth can be performed in this section. The 
following are the various parameters which are plotted against depth. 
It can be seen from the plot that there is a steep change at a depth of 60 i.e. at the interface 
of the saturated sand and dry sand, changes in stratigraphy and presence of ground water table 
has a significant influence on the seismic response. There is also some amount of change in the 
plot at a depth of 20 which is the interface between sands having different properties. All the 
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5.00%-outcrop:    10.00%-outcrop:    15.00%-outcrop:   5.00%-outcrop:  10.00%-outcrop:  15.00%-outcrop:  


















plots show how these parameters change with depth with the changes in stratigraphy and the 
level of ground water table.  
 
Figure 5.16: Variation of Acceleration with Depth. 
In case of displacement and velocity plots also we can see that there are changes in the seismic 
response when there is a change in the stratigraphy. 
 
Figure 5.17: Variation of Velocity with Depth 
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Figure 5.18: Variation of Displacement with Depth 
 
Figure 5.19: Variation of Shear Stress with Depth 
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Figure 5.20: Variation of Shear Strain with Depth 
 
Figure 5.21: Variation of Effective Shear Strain with Depth 
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Figure 5.22: Variation of Shear Modulus with Depth 
 
Figure 5.23: Variation of Damping Ratio with Depth 
S h e a r  M o d u l u s














0 5 0 0 1 0 0 0 1 5 0 0 2 0 0 0
D a m p i n g  R a t i o



















                                 Figure 5.24: Variation of Cyclic Stress Ratio with Depth 
5.1.7 Transfer Function: Transfer function at the site is the ratio of the spectrum of horizontal 
component of motion with respect to the spectrum of vertical component of motion. Transfer 
function plot has this transfer function plotted against amplitude.  
 
 
Figure 5.25: Plot of Transfer Function 
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The other parameters computed as a response to the soil profile inputted are summarized in the 
following table 











5.2 Problem 2 
In this analysis a soil profile with layers of sand and silty sand is considered. The samples of 
sand taken out from the Buchner funnel till the third cycle of wetting and samples of silty sand 
till the second cycle of drying are considered. The soil profile is shown in the figure 5.28. The 
ground water table is at depth of 40 feet which makes the top four layers of sand unsaturated and 
the bottom six layers saturated. This profile has silty sand and sand. The green ovals indicate that 
the profile is being evaluated at layer numbers 1, 3, 5 and7.The variation in shear wave velocity 
and unit weight is shown in the profile. The points at which there is a variation have significant 
influence on the computed results. 
                       
Peak acceleration[g] 0.034 
Peak velocity[ft/sec] 0.404 
Peak displacement[ft] 0.135 
RMS acceleration[g] 0.010 
Arias intensity [ft/sec] 0.056 
Response spectrum intensity[g^2] 0.743 
Predominant period [sec] 1.862 
Mean period[sec] 1.833 
Bracketed duration[sec] 40.940 
Trifunac duration[sec] 9.460 
Spectral acceleration at 0.3 sec[g] 0.059 
Spectral acceleration at 1.0 sec[g] 0.057 





                                    Figure 5.26: Soil Profile with Input Parameters 
5.2.1 Ground Motion Plots: Time histories are plotted at layers 1, 3, 5 and 7. 
 
Figure 5.27: Time History of Acceleration 
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Figure 5.28: Time History of Velocity 
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5.2.2 Stress and Strain Plots 
 Stress and strain are plotted at layers 7 and 10. 
 
Figure 5.30: Time History of Shear Strain 
 
Figure 5.31: Time History of Shear Stress 
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5.2.3 Response Spectrum Plots 
Response spectrum is plotted at layers 3 and 7.When response spectrum are normalized with 
respect to maximum ground acceleration the effects of soil and intensity of earthquake can be 
separated. A response spectrum is the collection of the responses of one-degree-of-freedom 
oscillators with different resonance frequencies subjected to the shaking from a given earthquake 






Figure 5.32: Response Spectra at 5%, 10 % and 15% Damping 
 
5.2.4 Depth Plots 
 The following plots show the variation of acceleration with depth with steep changes at the 
points where there is a change in the stratigraphy. 
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Figure 5.33: Variation of Acceleration with Depth 
The next few plots show how the different parameters vary with depth, with the changes in 
startigraphy and presence of ground water table affecting the seismic response.  
 
Figure 5.34: Variation of Velocity with Depth 
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Figure 5.35: Variation of Displacement with Depth 
 
 
Figure 5.36: Variation of Shear Stress with Depth 
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Figure 5.37: Variation of Shear Strain with Depth 
 
Figure 5.38: Variation of Effective Shear Strain with Depth 
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Figure 5.39: Variation of Shear Modulus with Depth 
 
Figure 5.40: Variation of Damping Ratio with Depth 
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Figure 5.41: Variation of Cyclic Stress Ratio with Depth 




Figure 5.42: Plot of Transfer Function. 
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The following table summarizes the other parameters computed as a response to the soil profile 
selected according to the input motion selected. 













5.3 Comparison of the Results Obtained 
When the results from the two problems are compared it is observed that bracketed duration 
remained same in both cases. 
5.3.1 Significance of Terms 
Soft soils like sand and silty sand have predominant frequency content. The depth at which these 
soils are located will also affect the frequency. Evaluation of peak acceleration is an important 
factor as it is the maximum acceleration experienced by the particle on the ground during the 
earthquake motion. The building codes prescribe how much horizontal force building should be 
able to withstand during an earthquake. This force is related to the ground acceleration. Velocity 
measurement is measure of motion directly related to the kinetic energy and hence it is used 
Peak acceleration[g] 0.021 
Peak velocity[ft/sec] 0.224 
Peak displacement[ft] 0.090 
RMS acceleration[g] 0.006 
Arias intensity [ft/sec] 0.0021 
Response spectrum intensity[g^2] 0.370 
Predominant period [sec] 3.724 
Mean period[sec] 1.447 
Bracketed duration[sec] 40.940 
Trifunac duration[sec] 10.280 
Spectral acceleration at 0.3 sec[g] 0.051 
Spectral acceleration at 1.0 sec[g] 0.026 




widely. Peak velocity governs the response at intermediate periods. It is good indicator of hazard 
to taller buildings. Fourier analysis permits the transformation of acceleration time history into 
amplitude and phase spectra which are used to depict the frequency dependant characteristics of 
the ground motion. Hence they are widely used by seismologists to analyze force and 
propagation properties. Response spectrum is used by engineers in the analysis and design of 
structures. Bracketed duration is useful for assessing the damage to structures and also to 
compute elastic and inelastic response. In order to compute the strong motion duration Trifunac 
and Brady   defined it as time interval between 5% and 95% contributions. Spectral acceleration 
is a good indicator of hazard to taller buildings this is only approximately related to the building 
design. 
5.3.2 Comparison and Details of Obtained Parameters 
• The profile with sand has higher peak acceleration than the one with sand and silty sand 
• Within a soil profile acceleration time histories have short periods which indicate     
higher frequencies, velocity time history has low frequency and displacement time 
history has intermediate frequency. 
• Sand has a peak acceleration of 0.034 while silty sand has 0.021 hence  combination of 
silty sand  and sand have  higher frequency when compared to that of  only sand deposits 
problem. 
• Peak velocity for sand is 0.404 while silty sand has 0.224 which indicates silty sand has 
higher frequency when compared to that of sand. 
• Bracketed duration: It is proposed by Page et.al and Bolt as the time between the first and 
last crossing of threshold acceleration. It is reported as 40.940 in case of both sand and 
silty sand. The duration depends on the magnitude of the earthquake inputted and hence 




• Trifunac duration is more in the case of problem two which consists of layers of sand and 
silty sand which indicates that the time interval between 5% and 95% contribution is 
more in the case of deposits of sand and silty sand combination. 
• The spectral acceleration at 0.3 and 1 sec in case of sand are 0.059 and 0.057, where as in 
case of silty sand they are 0.051 and 0.026 respectively, which indicates sand is more 
hazardous considering this factor for taller buildings. It depends mostly on the behavior 
of building rather than these values. 
• Response spectrum is the response to an actual earthquake i.e. the potential effects of 
ground motion on structures it is found to be higher in case of sand than in the case of 
deposit with sand and silty sand. 
• If the structure is designed in such a way that the natural period of the structure doesn’t 
coincide with the predominant period of the earthquake ground motion it mitigates the 










CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 
6.1 Summary 
Soil water characteristic curves are plotted as part of this study using data obtained from Buchner 
funnel setup, at different cycles of drying and wetting for sand and silty sand, samples are 
extracted out at the end of each drying and wetting and are tested for shear wave velocity 
maintaining the same density as in the case of the Buchner funnel setup. The obtained parameters 
from shear wave velocity experiment are then inputted into Edushake package to analyze the 
ground response of layered soil deposits subjected to an earthquake motion. 
6.2 Conclusions 
The first  objective of this research was to investigate the variation of relationship between 
capillary potential and water content as a continuous function and to plot the soil water 
characteristic curves for sand and silty sand at different cycles of wetting and drying. The range 
of suction that can be applied by a hanging column apparatus varies between 20 to 30 KPa. The 
shape of the soil water characteristic curves obtained were similar to the curves modified after  
Buckingham, (1907).With the increase in the matric suction head it is observed that the degree of 
saturation decreases .It is observed that there is no specific shape for these curves but the pattern 
is hysteretic. The soil sample gets drier with the increase in the cycles of drying and wetting, 
which indicates a decrease in the degree of saturation with an increase in the number of cycles. 
 
The second objective was to examine the influence of matric suction on the liquefaction 
potential of the soil along the drying and wetting cycles of soil water characteristic curves of the 
soil. Shear wave velocity is obtained at the end of cycles of wetting and drying for both soil 




As water content decreases the shear wave velocity and stiffness tend to increase. The rate of 
flow of water in case of silty sand is slow when compared to sand.  
Third objective of this research was to analyze the relationship between liquefaction 
potential and shear wave velocity. According to the shear wave velocity values obtained the 
liquefaction potential of the soils is analyzed and it is found that the values obtained have shear 
wave velocity  less than 200m/s, according to (Andrus and Stokoe,1996), they have liquefaction 
potential, which validates the selection of soils according to the range of soils which are prone to 
liquefaction. It is observed that the drier the soils i.e. with the increase in the number of cycles in 
the Buchner funnel setup the range of shear wave velocity increases and the shear wave velocity 
at third cycle of drying of sand and silty sand samples is close to above 200m/s, which indicates 
that with increase in depth and decrease in the water content the susceptibility to liquefaction 
decreases. 
Fourth objective of this research was to analyze the ground response of inputted soils 
prone to liquefaction when subjected to dynamic loading. Yerba earthquake is selected for 
simulating input motion, where the first problem consists of layers of sand and the second 
problem consists of layers of silty sand sandwiched between layers of sand. The depth of water 
table is kept at a higher level in the latter case when compared to the former one. It is found that 
the combination of silty sand and sand has higher frequency when compared to the problem with 
only sand deposits considering the peak acceleration values. While comparing the peak velocity 
also it is found that the combination of soils problem with a higher water table level has got 
higher frequency. The bracketed duration remained same in both cases as it depends on the input 
motion given in the analysis since the same earthquake is used for simulation. Spectral 
acceleration which is an indication of hazard to taller buildings is found to be more in case of 




acceleration, Arias intensity, characteristic intensity, predominant period etc.., are calculated for 
both soil problems and are tabulated. 
6.3 Recommendations 
• Soil water characteristic curves can be plotted with an increase in the value of suction. 
• Parameters such as suction, moisture content, acceleration etc..., can be measured for the 
soils by placing soil deposits in a cylindrical container  maintaining the density of the soil 
same as that of the soil in the funnel at the end of each cycle. 
• The tests can be done at different cycles of the soil water characteristic curves, and 
liquefaction phenomenon of these soils can be observed in the real time by simulating an 
earthquake on the shake table, and the variation of the above three parameters after 
shaking can be observed. 
• The soil in the cylindrical container can be subjected to an appropriate, economic 
treatment so that it will be resistant to liquefaction and can be tested on the shake table 
again to check the strength of the improved soil. 
• Packages such as liquIT and liquefyPro can also be used to analyze the liquefaction 
potential of the soil. 
• The increase in the suction range can also be obtained by using other sophisticated 
devices for plotting the soil water characteristic curve. 
• Soils lying out of the range ,which are prone to liquefaction can be tested to see how their 
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σ'- Effective stress 
u- Pore water pressure 
Gmax- Stiffness 
Ρ-Bulk density  
Vs- Shear wave velocity 
L-Length of the sample 
Gs –Specific gravity 
CSR- Cyclic stress ratio 
CRR-cyclic resistance ratio 




ⱷ'-Effective friction angle 
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